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PREFACE 


This paper was prepared for the ERTS-1 Symposium at Washington, D.C., 
December 10-13, 1973. It was derived from a condensation of Applic~ 
ability of ERTS for Surveying Antarctic Iceberg Resources , by J. L. 
Hult and N. C. Ostrander, The Rand Corporation, R-1354-NASA/NSF, 
November, 1973. The original work was supported jointly by NASA's 
ERTS program and by the Office of Exploratory Research and Problem 
Assessment of the National Science Foundation. 
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APPLICABILITY OF ERTS TO ANTARCTIC ICEBERG RESOURCES 

John L. Hult and Neill C. Ostrander 
The Rand Corporation, Santa Monica, Cal. 90406 


ABSTRACT 


This investigation explores the applicability of ERTS to 
(a) determine the Antarctic sea-ice and environmental 
behavior that may influence the harvesting of icebergs, 
and (b) monitor iceberg locations, characteristics, and 
evolution. Imagery sampling in the western Antarctic 
between the Peninsula and the Ross Sea is used in the 
analysis. It is found that the potential applicability 
of ERTS to the research, planning, and harvesting opera- 
tions can contribute importantly to the glowing promise 
derived from broader scope studies for the use of Antarc- 
tic icebergs to relieve a growing global thirst for fresh 
water. Live Antarctic readout will permit timely acquisi- 
tion of imagery on every orbital pass, which will be 
necessary to achieve adequate glimpses through the 80 
percent cloud cover. Thermal sensor bands will provide 
coverage in daylight or darkness. Several years of compre- 
hensive monitoring will be necessary to characterize sea- 
ice and environmental behavior and iceberg evolution. Live 
ERTS services will assist harvesting control and claiming 
operations and offer a means for harmonizing entitlements 
to iceberg resources. The valuable ERTS services will be 
more cost effective than other means and will be easily 
justified and borne by the iceberg harvesting operations. 


INTRODUCTION 


This investigation uses data from the first Earth Resources Technology 
Satellite (ERTS 1) [1] to determine the characteristics, abundance, 
and accessibility of Antarctic iceberg resources and also to evaluate 
the potential role and application of ERTS types of sensing systems to 
the future harvesting of Antarctic resources. 
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Preliminary studies of broader scope have exposed the potentially attractive 
global use of Antarctic icebergs for fresh water and cooling. 12,3] 

As population soars and standards of living increase, the fresh water 
deficiencies in certain areas of the world are rapidly becoming acute. 

Those areas that are particularly concerned include the Pacific South- 
west United States, and parts of Mexico, Chile, Australia, the Middle 
East, and North Africa. In some of these arid regions, water may be 
available by transferring it from river basins with abundant water or by 
desalting seawater. However, the costs of transferring or desalting, 
which may be $100 or more per 1000 m, 3 (or per acre-ft) 1 * tend to put 
severe limits on such use. 

For the thirsty areas of the world, the possibility of using Antarctic 
icebergs as a fresh water resource might become a very attractive pros- 
pect. The crucial problem is to devise a technology that can deliver 
melted iceberg water at much less cost than either desalting or inter- 
basin transfers, while at the same time ensuring acceptable environmental 
impact of such operations* 

The idea of using Antarctic icebergs has been considered and even tried 
a number of times during the past century* Theoretically, icebergs 
could be floated to any point accessible by a deep water route (at least 
200 m of water depth). 

The abundance of icebergs has long been recognized (annual yield of 
about 1,000,000 million cubic meters or 1000 million acre-ft). If a 
way can be found to move the icebergs and control their melting so as 
to deliver, say, 10 percent of the annual yield economically, this 
operation could potentially satisfy the water demands of an urban 
population of 500 million (with a usage of 200 m 3 per person) . The 
potential direct economic impact of fully exploiting 10 percent of the 
annual yield is estimated to be as much as $10 billion annually. 

Past exploration of the Antarctic has indicated that a major portion of 
the sea ice that forms and builds up during the dark winter months thaws 
out during the daylight season. By March of each year most of the tabular 
icebergs naturally formed from the ice-shelf discharges are accessible 
for acquisition and export operations. Although the sea ice is generally 
less than 2 m thick (compared with a few hundred meters for most tabular, 
fresh water icebergs) , the area of sea ice formed and thawed each year 
is thousands of times the total area of icebergs and about ten times the 
mass. Thus sea ice is a major factor to contend with in the acquisition 
of icebergs. Its moderating influence on the climate (together with that 
of the continental icecap) is so dominating over that of the icebergs that 
little climatic effect would be expected, even with the removal of most of 
the annual iceberg yield. It should be possible to process icebergs for 
high quality fresh water and thermal pollution abatement without adverse 
effects on the global or Antarctic climate. 


1 An acre-f t of water is a quantity sufficient to cover one acre with 


water a foot deep. This is approximately 1,234 m 3 - 1.234 k 


nr 
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In order to get a better understanding of the feasibility of moving 
icebergs and controlling their melting, a model of the transport 
operations from the Ross Sea to Southern California was made. The 
available environmental data on currents, winds, and temperatures 
were included in the model. Although these data are very crude and 
limited, they are adequate to test the preliminary feasibility. The 
model shows that the Transport effort required need not be very sensitive 
to the winds, can benefit from the currents but is not dependent on 
them for feasible operations, is not too sensitive to the route selected, 
and will require insulation of the icebergs for acceptable survival en 
route to the Northern Hemisphere. The Coriolis forces, 2 which are 
proportional to the momentum (mass x velocity) and the sine of the 
latitude, provide the principal resistance to the transport operations. 

These forces are applied at right angles to the velocity and require 
a large fraction of the transport effort to counteract their effects, 
particularly at more southerly latitudes. 

The cost of delivering the icebergs will be determined by the design 
of the transport operations and the configuration of the iceberg 
"trains. M Narrow trains (300 to 600 m wide) are desirable because 
they are estimated to reduce the net Coriolis effects on the icebergs. 

Also, when these trains are propelled at an angle with respect to the 
resultant velocity, they can more effectively obtain "lift” to counter- 
act Coriolis forces. An asymptotic minimum transport effort per unit 
of iceberg is approached for iceberg "trains" longer than about 20 km. 

Greater lengths increase the mass, transport resistance, and insulation 
costs proportionately. The costs of insulation can be estimated without 
specifying many of the details of operational techniques for applying 
the insulation, which need to be tested by experience. Essentially, the 
iceberg surfaces exposed to ablation from the flowing seawater can be 
wrapped by unrolling plastic film that is designed to trap pockets of 
melt water to form a quilting of still water between the iceberg and 
the flowing seawater. Quilt-water thicknesses of 3 cm will limit the ice- 
berg melting to less than 10 percent per year. 

The operational cost of delivering a large iceberg train (1.22 x 10 13 kg) 
to California on a one-year cycle is estimated to be about $8 per 1000 m 3 
($10 per acre-ft). It is also estimated that designing operations for 
more nearly optimum speed or better train configurations will not sig- 
nificantly reduce these rates. On the other hand, these delivery costs 
should approximately hold for a variety of operations that would depart 
significantly from the asymptotic one that was costed. 

The conceptual illustrations in Fig. 1 show a possible operational configuration 
with electrically driven propellers distributed along, and harnessed to, 
the train convoy. Also shown is a possible test configuration using more 
conventional tugs to pull a small three-piece iceberg train. 


Coriolis forces tend to deflect an object moving in the Northern 
Hemisphere to the right and one moving in the Southern Hemisphere to 
the left. 
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, Before designing and developing an operational system, and for refining 
cost estimates, a test program with icebergs would be desirable to: 
determine the nature of the submerged surfaces of tabular icebergs; test 
techniques for insulating and harnessing icebergs; measure the transport 
environment and performance; determine how well the Coriolis forces can 
be controlled; and test the performance of modeling to simulate operational 
control and performance* 
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The conversion of the icebergs for fresh water and heat sink was explored 
in a very preliminary way in order to uncover promising concepts and to 
estimate cost limits based on general physical principles* This explora- 
tion indicated that iceberg conversion to fresh water at sea level should 
be achievable in a variety of ways for about $8 per 1000 m 3 . A preliminary 
engineering study and comparison of the more promising conversion tech- 
niques is needed to develop better cost estimates and the basis for the 
design of test systems for evaluating alternative approaches for opera- 
tional systems. 

The total costs of Antarctic iceberg transport, conversion to water, and 
delivery to wholesale distribution terminals in coastal areas appear to 
be of the order of $24 per 1000 m 3 ($30 per acre-ft). This would be less 
costly and would require less energy expenditure than interbasin water 
transfers of a few hundred kilometers or desalting or costly water 
reclamation operations. Furthermore, nuclear energy could be used, thus 
eliminating competition for fossil fuel resources. Fresh water from ice- 
bergs should therefore become an attractive alternative for areas close 
to deep seawater access routes. 

Before any large-scale operational use of Antarctic icebergs is implemented, 
there should be a comprehensive assessment of the potential societal and 
environmental impacts. A preliminary exploration of a variety of such 
factors reveals no obvious insurmountable obstacle. The factors to be 
investigated include: the international acceptability of exploiting 

Antarctic icebergs; the en route environmental constraints; the accept- 
ability of terminal operations; the demand for iceberg water and the 
integration of its delivery system with other established systems for 
furnishing fresh water; icebergs as reservoirs and recreation areas; and 
the risk involved in implementing iceberg water resource systems. The 
more avenues that are explored, the more promising the concepts seem to 
become. However, a more refined assessment can be made when the potential 
operations become better defined, and when specific terminal applications 
can be examined in detail. 

The objectives of this investigation were to explore the applicability 
of ERTS to (a) determine the Antarctic sea-ice and environmental behavior 
that may influence the harvesting of icebergs, and (b) monitor iceberg 
locations, characteristics and evolution. A very limited imagery sampling 
of portions of the western Antarctic was scheduled to collect data on 
cloud-cover obstruction, the capability to monitor and assess sea-ice 
behavior, the ability to distinguish and measure iceberg characteristics, 
and the general topographic surveillance capabilities of the ERTS system 
in the Antarctic environment. The results from ERTS-1 imagery are described 
in the next section. This is followed by a section on ERTS system potential 
which treats: live imagery, thermal and micro wavelengths, sea-ice be- 

havior and iceberg evolution, tactical harvesting information, claiming and 
monitoring service, entitlements to Antarctic iceberg resources, and 
economical potentials for ERTS. 
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RESULTS FROM ERTS-1 IMAGERY 

The applicability of ERTS for surveying Antarctic iceberg resources 
was evaluated by studying images of the ocean and coastal areas of 
the Western Antarctic between the Antarctic Peninsula and the Ross 
Sea. The test site was bounded by the four coordinate corners in 
clockwise order: 65 fl S, 160°E; 65°S, 75°W; 75 S, 75 W; 79 S, 160 E. 

Imagery was obtained only from November 1972 through March 1973. No 
cloud-cover limitations were specified, and imagery from bands 5 and 
7 of the Multispectral Scanner (MSS) covering wavelengths of 0.6 to 
0.7 and 0.8 to 1.1 micrometers, respectively, was used in the analyses. 
Most of the analyses were made with bulk black and white, 9.5-in. 
positive paper prints of band 7 ; however detailed visual measurements 
of iceberg surface dimensions were made from 70— mm positive transparencies 
which were readily magnified to a scale of about 1:150,000. 

The ERTS systems are described in detail in the Data Users Handbook. [1] 
The principal deficiency of the ERTS-1 experimental system for this in- 
vestigation was the lack of live readout in the Antarctic which could 
eliminate delays and permit much more imagery collection than is feasible 
by storage on board the satellite. Imagery for more than 900 scenes was 
interpreted in this investigation. The scene centers were plotted on a 
map of Antarctica as illustrated in Fig. 2. They were fairly well dis- 
tributed over the originally defined test area. However, the analyses 
revealed that the useful coverage (openings in cloud cover) was spotty 
both geographically and temporally. For the purposes of analysis and 
to facilitate cataloging, the Antarctic was partitioned into sectors 
along orbital parallels as illustrated in Fig. 2. 

All the imagery analyzed was obtained during the period from 16 November 
1972 to 27 March 1973 and can be found listed in Earth Resources Tech- 
nology Satellite, Cumulative Non-U. S. Standard Catalog No. N-9. [4] 
Imagery obtained for this investigation that contained useful information 
other than cloud coverage has been described and submitted to the Image 
Descriptor Data Bank file under one or more of the following descriptors: 
Ice, Sea Antarctic; Icebergs, Antarctic; Antarctic Topography. 

CLOUD COVER 


Previous data on cloudiness in the Southern Hemisphere indicate a total 
cloudiness that reaches maximum values in the coastal regions surround- 
ing the Antarctic continent. [5] Climatologically , the mean cloudiness 
exceeds 80 percent most of the year over most of the region extending 
1000 km north of the coast. Climatology also indicates that cloudiness 
is the most extensive during the daylight season when it persists to the 
high interior regions of the Antarctic with 50 percent likelihood as 
compared with perhaps only 20 percent during the night season. The 
primary area of interest for the harvesting of iceberg resources is in 
the regions of drift ice where cloud cover greater than 80 percent appears 
to persist, and it becomes essential to determine the potential utility 
of sensors that must exploit openings in cloud cover as well as to examine 
the characteristics of the openings themselves. 



Fig, 2 


Division of Antarctica into 9 sectors and distribution of 


images 
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Cloud-cover information was obtained from more than 900 Antarctic 
scenes that were interpreted according to the authors' subjective 
estimation of the fraction of the scene area over which the obscura- 
tion was sufficient to degrade the ability to find icebergs and to 
measure their dimensions at the full resolution capability of the 
sensors. These interpretations can be compared with the cloud-cover 
values assigned to more than 2900 Antarctic scenes (including those 
interpreted in this study) in the Cumulative Non-U. S. Standard Cata- 
log No. N-9. [4] Most frequently the scene areas were totally obscured 

and there was no question that the cloud cover was complete. Some scene 
areas had very thin cover through which the general nature of the sea 
ice below could easily be discerned, but the contrast needed to find 
imbedded icebergs and measure their dimensions was obscured. Such 
areas were interpreted to be cloud-covered. However, any scene with 
90 percent or more of cloud cover through which a positive determina- 
tion could be made about the presence or absence of sea ice below was 
arbitrarily assigned a value of 90 percent cloud cover. The cloud 
cover of scenes was then partitioned into categories of 0-40, 50-80, 

90, and 100 percent. Some of the tabulated data of cloud cover over 
drift-ice areas within the study test site are illustrated in Fig. 3. 

They are tabulated by sector and sector combinations and by time period 
and time period combinations. Also the cloud-cover interpretations as 
defined for this study are compared with the catalog listings. The 
catalog listings of cloud cover are the routine subjective impressions of 
the processing crew that was operating at the time; they do not represent 
any precise interpretation of any particular cloud-cover definition, 
especially for the highly ambiguous scenes of the Antarctic involving so 
much cloud cover over the snow and ice. The scene- to-scene comparisons 
of cloud cover by the interpretations of this study are frequently at 
great variance with the catalog listings; however, the averages seem to 
have fairly consistent differences. 

The season average of cloud cover over drift ice in sectors 2 through 
6 as interpreted in this study was 0.84. The corresponding average as 
obtained from the catalog listing was 0.74. The season average of cloud 
cover over fixed ice for the same sectors was 0.70 as interpreted in this 
study and 0.60 as obtained from catalog listings. Similarly, the season 
average of cloud cover over drift ice in sector 1 as interpreted in this 
study was 0.91 whereas the corresponding average obtained from catalog 
listings was 0.81. Thus the averages of cloud cover as interpreted with 
the definitions of this study are about 0.1 greater than the correspond- 
ing averages obtained from the catalog listings. From the data it is 
concluded that for the daylight period from November 1972 through March 
1973, the cloud cover over most of the drift-ice areas where iceberg 
harvesting operations are most promising exceeded 0.8 as interpreted 
by the definitions of this study. This is in substantial agreement 
with the climatological cloud cover described in other references, [5] 
which also indicate only very slight reductions in cloud cover over the 
drift-ice areas during the seasons of darkness. 




No* 

of scenes 54 155 96 B6 91 36 251177464] 
Sector 1 2 3 4 5 6 2+34+52-6 


No. of 
scenes 


57 157 97 87 91 58 254 178490| 


16 Nov. thru 20 Jan. 


44 147 72 75 65 10 219 140369 


1 2 3 4 5 6 2+34+52-6 


48 149 74 75 65 35 223140398 



21 Dec. thru 20 Feb. 


21 62 32 43 24 


94 67 162 


'1 2 3 4 5 6 2+3 4+52-6] 
25 64 34 43 24 13 98 67 178 


21 Jan. thru 25 Mar. 


75 217128129 115 3 7 345244 626 


1 2 3 4 5 6 2+34+5 2-6 

82 221 131 130 115 71 352 245668 


16 Nov. thru 25 Mar. 


o 

7 

o 
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Fig. 3 — Cloud-cover comparison over drift-ice areas: (Special 

various period combinations) 


interpretation and catalog. 


Cloud cover 
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There was inadequate sampling of scenes to provide conclusive evidence 
of cloud-cover variation with period or with sector . However, there 
seems to be a slight tendency for increased average cloud cover in the 
middle of the daylight season compared with the ends, and for decreased 
average cloud cover in sectors in which drift-ice areas extend farther 
south (sectors 2 and 3 including the Ross Sea and sector 7 including the 
Weddell Sea). 

It Is difficult to define the characteristics of the "openings” to be 
expected in the prevailing cloud cover over Antarctic iceberg scenes 
of interest. However, most open areas are comparable to or smaller 
than a scene of 185 km diameter, and in the small sample of this type 
of data there seemed to be no recognizable correlation between openings 
on scenes obtained 24 hours apart with average geographical overlap of 
0.7 between scenes. Thus it is assumed that if complete imagery was 
obtained on every ERTS pass, the cloud-cover openings on successive 
passes would be statistically independent events, and the probability 
of a cloud-cover opening in all the potential ERTS images over a speci- 
fied iceberg area should range between 0.3 and 0.7 in each 18-day cycle 
(or in each 9-day period when using a thermal sensor capable of operating 
in the dark during either the ascending or descending nodes) . This 
estimate assumes a cloud-cover average between 0.8 and 0.9 and a day-to- 
day scene overlap between 0.7 and 0,8. 

SEA ICE 


In order to harvest Antarctic icebergs efficiently and to assemble them 
into trains for movement to using areas, it will be necessary to contend 
with the sea ice that surrounds Antarctica and the icebergs most of the 
time. The seasonal and geographical extents of the Antarctic sea ice 
have been described in various publications, [5,6] Also valuable are the 
historical accounts of sea-ice obstructions to navigation in these regions. 
[7] The descriptions of the various forms of ice that may be encountered 
and how they evolve are helpful to the understanding of the nature of this 
barrier to the otherwise easy access to the densest iceberg clusters. [8] 
ERTS types of observations over several years with scene sampling at nearly 
every orbital— pass opportunity should provide a valuable record of sea— ice 
behavior that could be very useful in planning the harvesting of iceberg 
resources. The very limited sampling obtained with ERTS-1 (less than 10 
percent of the opportunities for October through March) was inadequate 
for a comprehensive interpolation of the sea-ice behavior over a daylight 
season. A much more complete sampling over two or more years and prefer- 
ably over the full year (in darkness as well as daylight) seems highly 
desirable to gain a confident understanding of the sea-ice behavior and 
its potential influence on ocean operations in the Antarctic. 

The sea ice observed in the portion of the western Antarctic from which 
this investigation obtained imagery consisted of a huge belt extending 
more than 1000 km northward from the coast in the early daylight season. 

By February, after erosion during a few months of the daylight season, 
the northern edge of the sea-ice belt had receded to about 70° south 
latitude over much of the western Antarctic lying within the test site. 
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At the same time the ice belt seemed to withdraw from the coast in many 
areas, with considerable erosion of coastal fast ice. The dissolution of 
the belt from both north and south seemed to be most severe in the Ross 
Sea in the vicinity of 180° longitude, where the belt separated in February 
to open the Ross-Ice-Shelf front and much of the coast eastward to the Getz 
Ice Shelf (~130°W) to access without the necessity of breaking through the 
belt. Most of the Bellingshausen Sea and Amundsen Sea east of Cape Dart 
on Siple Island seemed to be closed off throughout the season by the sea- 
ice belt. However, the belt became the narrowest in this sector and 
would have required breaking through about 300 km or less of belt width 
to reach open-water areas near the coasts. The behavior of the belt 
seemed to be more consistent with that depicted in Ref. 5 than in Ref. 6; 
however, it may change from year to year without always following a 
detailed standard pattern. 

During the daylight season when the sea-ice-belt width is receding, the 
deteriorating ice debris along the northern edge of the belt appeared 
to feather out into wisps as viewed with ERTS resolution. The central 
portion of the belt may be consolidated into a continuous snow-covered 
surface that may crack and then break up into floes of mixed and varied 
sizes and erosion shapes. 

Icebergs that calve from the ice shelves and glacial ice streams along 
the coast may become locked up in coastal fast ice for years, but they 
tend to leak out of their locked -up coastal clusters and diffuse north- 
ward through the sea-ice belt. Most of the icebergs become locked into 
huge floes in the central portions of the belt for periods of one or 
more seasons. However, many icebergs may break loose, especially near 
the edges of the belt or near large fractures or leads, and plow through 
the sea ice or sweep it up in front of them as the iceberg is driven by 
deeper sea currents. 

The collection and harnessing of icebergs into long trains will probably 
be easiest along the northern edge of the belt or in the open-water areas 
inside (south) of the belt where these operations would not need to con- 
tend with crowding sea-ice stresses. The greater density of the iceberg 
clusters near the coast would facilitate the formation of large trains with 
more favorable characteristics. Once a train of icebergs has been formed 
in open coastal waters, it may be feasible in some situations to propel 
it so as to plow through the belt. The thrust required to move the train 
in open waters will be large compared to that provided by natural cur- 
rents in these regions. The train should, therefore, have a considerably 
greater capacity to plow through the belt than do the naturally imbedded 
icebergs. Techniques need to be developed for controlling the train when 
attempting to plow through the sea-ice belt in order to move it in the 
desired direction and avoid collisions with icebergs that are locked in 
or are themselves moving through the belt. 
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ICEBERG CHARACTERISTICS 

The iceberg characteristics that were of greatest interest in this 
investigation were the effective widths available that would permit 
harnessing icebergs snugly together into long trains* Eight dense 
cluster areas representative of western Antarctica between the Ross 
and Bellingshausen Seas were selected and the maximum widths of the 
icebergs and their topside areas were tabulated* Individual visual 
measurements were made of each iceberg on a projected image with a 
scale of about 1:150,000. The widths were measured perpendicular to 
the dimension that appeared to offer the best opportunity for in-line 
harnessing of each iceberg into train formation. Figures 4 and 5 
illustrate the various types of clusters. 

Figure 4 shows a cluster of icebergs locked into the fast ice off Cape 
Colbeck (eastern edge of Ross Sea at the lower right). The much deeper 
and higher (~50m) icebergs stand out in relief against the fast ice and 
are easily recognized and measured under magnification. Also included 
in this sample are a number of icebergs in open water west of the 
locked-in cluster. In the open water the shadows of the higher icebergs 
do not provide recognizable signatures for distinguishing them from sea 
ice. However, tabular Icebergs (large icebergs with flat tops) tend to 
break into pieces with crisp looking edges similar to the pieces of a 
broken window pane, as distinct from the eroded looking edges of many sea- 
ice floes. Also, the currents at the much greater depth of icebergs tend 
to move them differently from sea ice and they will frequently dam up 
or sweep out the sea ice to leave an open-water signature behind them. 

This is illustrated by the two icebergs, each about 6 km long by 1 km 
wide, that are about 15 km off the western tip of the fast ice containing 
the cluster of icebergs (the scene width is approximately 185 km). These 
two large icebergs were originally joined together end-to-end to form 
a single ship-shaped iceberg about 12 km long. In this scene, they 
are sweeping south the melting sea ice, including a bright eroded ice 
floe of comparable size within their swath. There are a number of other 
smaller icebergs in the open water to the south and between the pack ice 
and the fast ice that were also included in the data sample. 

Figure 5 shows many clusters of icebergs in or near the fast ice, south 
and west of Thwaites Iceberg Tongue. One sample of dimensional statistics 
was taken from icebergs in the open water on the western edge of the fast 
ice, and a much larger sample was taken from the icebergs locked in the 
interior of the fast ice. In both cases, all large multple-layered ice- 
berg clumps were excluded so that the statistics of the basic layering widths 
of the Thwaites source would not be distorted. 

Figure 6 displays the statistics of iceberg characteristics obtained from 
the eight areas sampled. The distribution of iceberg widths is illustrated 
in terms of the fraction of the total topside area of the sample of ice- 
bergs for each 0.1 km of width interval. Each sample area Is identified 
by a geographical name and the ERTS frame from which it was selected* The 





Fig. 5 — Iceberg clusters south and west of Thwaites Iceberg Tongue 
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total number of icebergs included in each sample is given as well 
as the number in each interval (above the bars) * The total topside 
area of the icebergs in the sample is given in km 2 . 

Figure 6a, from a sample in Fig. 4, seems to indicate a biraodel dis- 
tribution. However , major portions of the areas in the 1.0 and 1.1 
intervals are derived from the two large icebergs — each about 6 km 
long — mentioned previously in connection with Fig. 4. If these two 
exceptional icebergs were excluded from the sample, it would subdue 
the distribution peak near 1.0 and reduce the average area per ice- 
berg to about 0.6 km 2 , which would be more comparable with Figs. 6b 
and 6c. 

The sample represented in Fig. 6d, which comes from north of the tip 
of Thwaites Iceberg Tongue, is anomalous in its distribution of large 
widths and of an average area per iceberg of 1 km 2 . The source of 
these icebergs is not known, but the shapes and large widths are not 
characteristic of those from Thwaites. 

The small samples represented in Figs. 6e and 6f come from the northern 
edge of the sea-ice belt. They are biased toward smaller and narrower 
Icebergs, which might be expected for these more northerly samples of 
icebergs that are probably older and more eroded than those near the 
coasts . 

The icebergs in Figs. 6g and 6h were selected from the Thwaites area 
discussed with Fig. 5. Sample g is the one from near the western edge 
of the fast ice and may include some icebergs from other sources than 
Thwaites. The large sample, h, comes from the interior fast ice and 
should be a pure representation of Thwaites source characteristics. 

The sample statistics of Fig. 6 indicate that until a substantial frac- 
tion of the 7 annual Iceberg yield is harvested, it may not be necessary 
to use icebergs of greater than 0.5 km width. However, if the samples 
of Fig. 6 are representative of all the Antarctic iceberg yield, it may 
be necessary to harvest icebergs up to 0.8 km wide if much more than 
half of the annual yield is to be used. 

Inadequate data precluded an attempt to inventory the total mass of 
icebergs in the Antarctic, the annual yield, or the average or typical 
life of icebergs. The great abundance of icebergs that was observed 
was not inconsistent with a possible mass balance between the accumula- 
tion of precipitation in Antarctica and its discharge to the sea, which 
has been estimated to yield an average of 10^ 2 m^ of icebergs per year. 
[2] However, the data samples do indicate that there may be great 
variability in the life and evolution of the icebergs after they have 
been calved. In some areas they become trapped near the coast for many 
years and probably melt much more slowly than icebergs that are swept 
into oceanic gyres and experience significant current gradients over 
their immersed depths as they circulate through the belt of sea ice. 

The significantly smaller dimensions of the icebergs found in the 
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Fig. 6 Distribution of iceberg widths in sampled areas 
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Fig. 6 Continued 
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northern edge of the belt as compared with those near the coast indicate 
that the melting life of the average iceberg in a circulating gyre may 
be comparable to the circulating period of the icebergs. 

The imagery from ERTS-1 did not provide any accurate means of determining 
height or thickness of icebergs. The shadows produced on surrounding sea 
ice give an approximate order of magnitude for the height of many of the 
icebergs (~50 m) . However, more accurate determination from satellites 
will probably require different sensors (such as thermal imaging devices 
that could measure temperature differences with height, or radio waves 
using ranging techniques) . There probably is some relationship between 
the thickness of glacial ice streams entering -the ocean water and the 
characteristic widths at which the icebergs tend to break off. Also, the 
entering flow inclination, tides, and seasons may be influential factors. 
Additional ERTS data, especially from high-resolution thermal sensors, 
together with correlation with ground truth, seem desirable for reliable 
estimates of iceberg thickness. 

Some iceberg characteristics, such as the nature and smoothness of the 
melting submerged surfaces and the expected variations with source and 
environmental history, will probably never be known without direct physical 
measurements. Much additional valuable information for achieving 
efficient harvesting operations will best be gained by experience in the 
operating environment. 

ANTARCTIC TOPOGRAPHY 


In addition to the information about iceberg resources that was obtained 
from ERTS imagery, considerable topographical information was obtained 
that may be useful for mapping and other Antarctic interests. 

A complete listing of images that contain topographical information 
unobscured by cloud cover may be obtained from the Image Descriptor 
Data Bank file under the descriptor: Antarctic Topography. 

ERTS SYSTEM POTENTIAL 


The limited Antarctic imagery that was obtained for this investigation 
is adequate to extrapolate with reasonable confidence what the ERTS 
system could be in application to Antarctic iceberg resources. This 
estimate could be confirmed with suitable system modifications to 
planned experiments Including those with ERTS-B. 

LIVE IMAGERY 


The principal advantages of live (real-time) imagery obtained with 
Antarctic readout stations are that it would be possible to collect 
complete imagery from every orbital pass over Antarctica and it could 
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be made available for immediate use. This would eliminate the 
storage capacity limitations and reliability problems of space- 
borne video recorders. Also, the information could be made avail- 
able soon enough to be of tactical value in the control of harvest- 
ing operations. 

There are a number of ways that live readout might be provided in 
Antarctica. Synchronous satellite relay could make live readout 
possible almost anywhere on earth. This could require the develop- 
ment and operation of the relay satellites and considerable modifica- 
tion to current ERTS designs, but it may be the ultimate solution. 

An earlier solution that could be made compatible with current ERTS 
configurations would be to provide a readout station on board a ship 
that could be moved to provide the service wherever it was needed. Or 
earth stations could be installed at suitable locations such as McMurdo 
station for year-round operation. It appears that such a site alone 
could provide live readout for most of Antarctica except for coastal 
and drift-ice areas in the sector of eastern Antarctica between the 
Weddell Sea and the Amery Ice Shelf. It could provide excellent coverage 
for readout of stored data because it could follow evevy orbital pass 
for a relatively long time. Therefore, it could obtain stored readout 
with very small delays from many areas that it could not reach for live 
readout . 

An alternative to live readout for alleviating the deficiencies of the 
initial experimental ERTS system relative to Antarctic imagery would 
be to greatly increase the capacity and flexibility of the recording 
system. This might require improving the earth station network for 
readout of stored data in addition to increasing the recording capability 
in the satellite. A site at McMurdo may be an attractive augmentation 
that would permit much live readout as well as transmission of most of 
the stored data on every orbital pass. 

The initial investment required to install a readout station near 
McMurdo is estimated to be comparable to the Fairbanks, Alaska 
installation — about $500,000, A crew of 35 has proved satisfactory 
to provide four operating shifts of eight men each. If a n quick look" 
facility is to be provided, an initial investment of about $100,000 
would be added. It is estimated that about $1.5 million per year 
will be required to cover the annual operating expenses and to recover 
the initial investment costs during its useful life. If the filtered 
imagery is to be transmitted to potential users by synchronous satellite 
relay, it may not increase greatly the costs of the McMurdo station 
if a suitable site is selected that is within a satisfactory look angle 
to the relay satellite, but the communication relay costs must be added 
as a part of the total user costs. 

THERMAL AND MICRO WAVELENGTHS 

A thermal wavelength band (10,4 to 12.6 micrometers) is planned for 
inclusion in ERTS-B. With imagery from this band it may be possible 
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to measure small surface temperature differences day or night. Such 
a capability may greatly aid in distinguishing icebergs from sea ice 
and may even permit height determinations of icebergs by temperature 
differences. Approximately the same ground resolution would be desirable 
at thermal wavelengths as is provided with the other wavelength bands. 

Also , approximately the same cloud-cover limitations will apply. Because 
most of the cloud cover in Antarctica consists of particles that are large 
compared to these wavelengths, the cloud cover is not expected to provide 
significantly greater openings at thermal than at the shorter wavelengths. 
The thermal band is used to record the one-way thermal emission from the 
surface, and the cloud cover attenuates or darkens this emission. At 
the shorter wavelength bands, the observations are of scattered sunlight 
and the brightness of the cloud-scattered sunlight degrades any contrast 
that might otherwise filter through the cloud cover. However, the dis- 
tinction between the ways in which the bands obtain imagery is not expec- 
ted to make any great operational difference in the effects of cloud cover. 
On the other hand, the many more observation opportunities available 
with the thermal band (every pass, independent of solar illumination) 
will permit obtaining two to six times as many glimpses through cloud 
openings and will enable monitoring throughout the year. 

Microwaves could penetrate cloud cover, and the reflections from the top 
and bottom of ice have been used to measure ice-shelf thicknesses by 
ranging techniques from aircraft. However, these techniques are not 
yet feasible from ERTS and the angular resolution achievable at these 
ranges and wavelengths would not be very useful for observing most 
individual icebergs. However, synthetic aperture radar techniques 
could be used from aircraft or satellites to provide high resolution 
surface mapping independent of cloud cover or solar illumination. Although 
these techniques may not soon be available on operational ERTS type of 
satellites, they could be employed with aircraft to greatly reduce the 
flight effort required with sensors that are obstructed by cloud cover. 

SEA-ICE BEHAVIOR AND ICEBERG EVOLUTION 

In order to plan the operational harvesting of icebergs it is important 
to understand sea-ice behavior and iceberg evolution. Much of this 
knowledge could be obtained by monitoring and following iceberg processes 
over several yearly cycles of seasons in the areas of interest. Since 
this should be done prior to operational harvesting, the cost of obtain- 
ing the information should be treated as research cost to be recovered 
during the years of harvesting operations. It does not seem important 
to have a "quick- look" capability for this type of information. However, 
in order to achieve usefully complete coverage through the prevailing 
cloud cover, it would be desirable to obtain imagery on nearly every 
pass opportunity. The very limited sampling of part of western Antarctica 
that was accomplished with ERTS-1 will be useful for correlation with more 
comprehensive data that might be obtained in the next few years. Compre- 
hensive satellite imagery should be buttressed with ground truth informa- 
tion that might be obtained from a test program to acquire, harness, 
insulate, and tow real (though small) Icebergs in Antarctica. Only then 
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would it be possible to design and invest in operational systems with 
the necessary confidence. 

TACTICAL HARVESTING INFORMATION 

Tactical information for aid in acquiring icebergs and controlling the 
harvesting operations should be timely, and timeliness could be achieved 
with live readout and a "quick-look" capability. Each operational harvest- 
ing expedition could include this capability as an integral part of its 
facilities* Alternatively, it could be accomplished at a common central 
station, e.g. , McMurdo, and the useful processed information could be 
forwarded to the harvesting expeditions by satellite relay. In either 
case, the costs of obtaining the information would be an operational expense 
that legitimately should be charged to the harvesting operations. 

CLAIMING AND MONITORING SERVICE 


When there is the possibility of independent harvesting operations com- 
peting for icebergs, a claiming procedure that will permit efficient 
planning and harvesting will be needed. This might be accomplished by 
practices established in other situations, e.g., staking claims perhaps 
a year or two in advance, or stationing a man on board so that the ice 
"ship" is not abandoned. However, a more attractive way of claiming 
might be to coordinate and monitor the claiming with ERTS imagery. This 
method could be used to coordinate the claiming early enough to permit 
efficient planning for harvest without excessive claiming effort or 
resource waste. The claiming service would be a legitimate operational 
harvesting expense, and the charge could be determined by the quantity 
or value of icebergs claimed. 

ENTITLEMENTS TO ANTARCTIC ICEBERG RESOURCES 

The Antarctic icebergs are a continuous yield resource. They simply 
melt and return to sea water without a direct benefit to mankind if 
they are not harvested and used In the process* They are part of the 
international waters and should be available to anyone as an extension 
of the f reedom-of-the-seas doctrine* Furthermore, It would seem 
desirable to avoid the tradition practiced for water entitlements in 
parts of the world in which indefinite claims are established by the 
first to perfect their rights, so that future new needs may be denied 
if the resources are not adequate. 

It Is suggested that the claiming and monitoring service with satellite 
imagery be extended to include auction of the icebergs, with any sur- 
plus revenues used to increase the harvest and equalize the costs. The 
auction and claiming could be once a year, sufficiently in advance of 
the harvesting season to permit adequate planning and preparation for 
the operations. This method of granting entitlement to icebergs should 
secure the greatest economic benefits from this resource, and it would 
not deny anyone future access. 
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ECONOMIC POTENTIALS TOR ERTS 

About $1.5 million per year is estimated to be necessary to maintain 
a continuous ERTS readout and "quick-look” station in Antarctica. This 
would permit using the full capabilities of ERTS-1 and ERTS-B on every 
orbital pass to provide a wealth of information about Antarctica in 
general, in addition to that of primary value for the harvesting of 
icebergs. Also, a station near McMurdo would be able to read out any 
stored information on every ERTS orbit. This might permit greatly in- 
creased world-wide use of the image storage capability of ERTS by 
relieving readout constraints. 

The estimated revenue requirement to procure and place an operational 
ERTS into orbit and control its operation will probably be between 
$5 and $10 million annually. However, the Antarctic harvesting of 
icebergs should only be assessed its fair share of this revenue require- 
ment ♦ 

The total cost of delivering iceberg water to the final user or distributor 
is estimated to be about $24 per k* m 3 . [2] This is only a small fraction 

of the cost of desalting sea water or of long distance interbasin trans- 
fer. Therefore it is not expected that iceberg water will suffer serious 
competition from these other sources even if the price is raised con- 
siderably. However, the demand for iceberg water for agricultural uses 
is expected to be very elastic about this point, and to supply the 
agricultural demands it will be necessary in most cases to reach the 
scale that will permit the attractive prices that have been estimated 
for iceberg water. Therefore, it is felt that the iceberg harvesting 
systems may only be able to afford an additional assessment of a few 
percent of the delivery price for the water before the demand might be 
seriously affected, i.e., large volume demand might fall rapidly with in- 
creasing assessments above about $1 per k*m 3 for ERTS aid. 

If 10 percent of the annual yield of Antarctic icebergs were harvested, 
an assessment of $0.10 per k:* it? would produce an annual revenue of about 
$10 million, which would be adequate to compensate for the share of ERTS 
operating costs. However, since early harvesting operations may commence 
at only 1 percent of the annual yield and some research and development 
costs should be assumed by the iceberg harvesting operations, it would 
seem appropriate to begin assessing iceberg harvesting operations at a 
rate between $0.1 and $1,0 per k*m . 

In order to obtain as much useful imagery with optical sensors on board 
high altitude aircraft as might be obtained with full use of ERTS, at 
least 10 aircraft passes would be required for each ERTS pass to achieve 
a comparable coverage. The most suitable aircraft for such a task would 
require at least 1,000 hours of imaging flight every 24 hours in order 
to duplicate the ERTS coverage. Although a feasible basing and opera- 
tional plan has not been conceived, an operating fleet of more than 120 
aircraft and 400 flight crews would be required to maintain such opera- 
tions over an extended period of time. This would be a prodigious and 
costly operation compared to that required with ERTS (at least 10 to 100 
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times as great an effort). Even with a likely requirement for coverage 
of only portions of the Antarctic, the task of doing it with optical 
sensors on board aircraft seems much larger than full coverage by 
satellite . 

If satsisfactory coverage could be obtained with synthetic aperture 
radar on board aircraft, it may be possible to do so for limited 
operations at costs comparable with the full use of ERTS. The 
capabilities and costs of both techniques need test and evaluation 
in order to select the appropriate operational role of each. 

The costs of not having the equivalent of ERTS imagery for harvesting 
of icebergs in the Antarctic are also difficult to assess. Small 
bootleg operations would be possible without paying an ERTS toll. 
However, it should be very difficult to achieve dependable competitive 
operations or obtain user commitments with any operation that would try 
to harvest without coordination through an ERTS information system 
established for this purpose, 

SUMMARY AND CONCLUSIONS 


This investigation is one of a series exploring various aspects of the 
feasibility of using Antarctic icebergs as a global fresh water resource. 
Related investigations that have explored concepts for transporting and 
using the icebergs indicate great promise for this continuous yield re- 
source. However, icebergs of appropriate size and shape must be avail- 
able for assembly into trains for economical transport, and methods must 
be found to cope successfully with the surrounding sea ice. Also, ways 
of harmoniously harvesting this international resource must be developed. 
These problems have been the concern of this investigation. 

The results from ERTS-1 for the period from November 1972 through March 
1973 reveal a general prevailing cloud cover more than 80 percent of the 
time over the Antarctic coastal and sea areas of interest. However, open- 
ings in the cloud cover can be exploited to piece together imagery of a 
large fraction of the earth's surface off Antarctica every few weeks, if 
every ERTS imaging opportunity is taken. 

The sea-ice belt girding Antarctica was very evident, but there was in- 
sufficient imagery to refine previous descriptions of its seasonal behavior. 
Many images of iceberg clusters were obtained that confirm the general 
abundance and dimensional characteristics of icebergs and that identify 
differing characteristics with different sample areas. However, the sea- 
ice and iceberg environment should be comprehensively and continuously 
monitored for several years in order to acquire enough information to 
confidently plan and design efficient iceberg harvesting operations. A 
wealth of additional information for mapping, resource exploration, and 
research can also be obtained when imagery for iceberg resources is 
collected ♦ 

The potential application for ERTS would be greatly enhanced with live 
Antarctic readout to enable the timely acquisition of complete imagery 
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on every orbital pass. Also, use of thermal bands should provide better 
imagery in daylight or darkness throughout the year. With these improve- 
ments in ERTS performance, the long-term monitoring for planning and 
design as well as the quick-use requirements for control of harvesting 
operations and the registering of claims and entitlements could be achieved. 
ERTS has capabilities that could support new concepts for claiming service 
and establishing entitlements that would drastically reduce the costs, 
conserve the resources, harmonize the operations, and reserve the oppor- 
tunity for anyone to acquire any entitlement in the future. 

The iceberg harvesting operations can easily bear the costs of the ERTS 
services that appear to be essential to the success of economical large- 
scale use of the continuous Antarctic iceberg yield that otherwise melts 
and returns to sea water without benefit to man in the process. 
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